Heat transfer coefficients around a model food shaped as a circular cylinder placed on a flat surface and impinged by a slot air jet has been determined using an inverse heat transfer method. The determination was based on time-temperature data measured with a thermocouple in the cylinder and in the air jet. The cylinder was rotated around its horizontal axis to determine the heat-transfer coefficients at different locations around the cylinder. A sensitivity analysis using Monte Carlo simulations was also performed. The local heat-transfer coefficients determined, were compared to computational fluid dynamics (CFD) simulations using the k-w SST and RSM models. The heat-transfer coefficients determined from temperature measurements was larger than predicted by the CFD simulations. The heat-transfer rates were in better agreement on the upper part of the cylinder, including the decrease along the cylinder due to flow separation, than on the lower part close to the wake recirculation area. The SST model predicted in general a slightly higher heat-transfer rate on the upper part of the cylinder and slightly lower on the lower part of the cylinder, as compared to the RSM model.
INTRODUCTION
Thermal processes, such as heating, baking, cooling, freezing, and thawing of food materials are important in the food industry. Many heat treatments for food involve exchange of heat and moisture between the food product and convective air flow. The intensity of the heating is dependent on the heat transfer coefficient between the air flow and the product surface.
Jet impingement is a rapid convective heat transfer method that is used to speed up the heat and mass transfer in many different thermal processes. Studies of jet impingement heat transfer are widely reported in the literature. [1] [2] [3] [4] [5] [6] The heat-transfer distribution around a circular cylinder under impinging jets has been studied in previous work by Olsson et al. [7, 8] using CFD modeling. In the food industry, the impinging jets can increase the production capacity as the process time is shortened, used in a correct way, it may also reduce the total energy consumption as compared to conventional techniques. Rapid heat transfer can also reduce the growth of microorganisms in cooling, and reduce the total water loss and increase shelf life in baking.
The mathematical basis of heat transfer is well established, frequently by use of Fourier's law of heat conduction with a convective boundary condition. The boundary condition includes the formulation of a heat transfer coefficient or a Nusselt number, which are dependent on fluid properties, fluid velocity, geometry and surface roughness. Heat-transfer coefficients in forced air situations are in the range: h forced air = 10-200 W/(m 2°C ). Higher heat transfer coefficients are usually found with water as convective media (h forced water = 50-10000 W/(m 2°C )). [9] For food applications, it is often not possible to use water as cooling or heating media, due to the water uptake in the food.
The inverse heat conduction problem is solved by measuring the temperature inside, as well as outside the conductive body, and relating the time-temperature history to the heat transfer rate on the surface. Inverse heat transfer methodology to determine heat transfer coefficients has been used by many researchers. [10] [11] [12] [13] The main advantages of the inverse determination of heat transfer are the simpler experimental set-up and less expensive equipment and that local variations instead of average heat transfer rates can be estimated. An important benefit is also the easy validation by comparison with time-temperature measurements because measuring the heat flux directly on the surface can cause intrusion in the air flow, and consequently, the heat transfer. The main drawback of the inverse method is that it is very sensitive to the error included in the temperature measurement.
The design of industrial equipment and process conditions that give optimal heat transfer to the product and a high and even product quality require understanding of and predictions of the heat transfer distribution around the product. Non-homogenous heat transfer distribution around the food product gives uneven heating of the surface, possible local overheating, i.e., burning and/or dehydration. The inside of the product is less affected since the uneven heat transfer is evened out due to heat transfer inside the product, even though the thermal diffusivity is low in most food. There are few reported values of convective heat transfer coefficients around food products in the literature. [14] Literature data of heat transfer coefficients in food processing has been selected, organized, and presented by Zogzas, et al. [15] It is however, often not sufficient to apply literature data for accurate analyses. There is generally an advantage to measure in the same system as the result is applied on.
The objective of this paper was to determinate the local heat-transfer coefficients around a circular cylinder under an impinging slot air jet. The determination was based on an inverse heat transfer approach using time-temperature data measured inside the cylinder and in the jet. A sensitivity analysis using Monte Carlo simulations was performed to investigate the influence of error on the main parameters. The distribution of heat-transfer coefficients was also compared to computational fluid dynamics (CFD) simulations.
MATERIAL AND METHODS

Experimental Set-Up
An impingement system ( Fig. 1) for food application, same as used in Olsson et al. [16] was used for the experiments. A cylinder was placed on a flat surface and under the impinging jet. The temperature was measured inside the cylinder and in the air jet. The impingement system consisted of a slot nozzle with a width of W = 10 mm, and a nozzleto-cylinder distance of H/W = 8. The maximum velocity of the jet exit was 18 m/s, corresponding to a Reynolds number, based on the nozzle width, of Re W = 10200. The cylinder diameter was D = 32 mm, the cylinder length was L = 20 cm, and the material of the cylinder was nylon. The properties of the nylon were ρ = 1145 kg/m The time-temperature data was measured in the air jet exit and inside the nylon cylinder, by thermocouples (type T), a data acquisition system (DASYLab, IOTech Inc., OH), and a computer. The thermocouple was inserted in the cylinder, in a hole drilled with high accuracy; the centre of the hole was 2 mm from the surface on the top of the cylinder (Fig. 2) . Cement-type adhesive was use to seal the gap between the thermocouple and the cylinder hole. The air temperature of the jet in the nozzle exit was around 45°C, and oscillating because of the control system of the heater. The initial temperature of the cylinder was 25°C and the heating time was 3 min.
To obtain the local heat-transfer coefficients around the cylinder, the cylinder was rotated around its horizontal axis in steps of Dq = 22.5°. In total the temperature was measured in 9 different locations (q = 0°, 22.5°, 45°, 67.5°, 90°, 112.5°, 135°, 157.5°, and 180°) along one side of the cylinder (Fig. 2) . The temperature measurements were repeated 3 times for each location. 
Inverse Heat-Transfer Method
The heat transfer problem can be described by unsteady heat conduction in a solid cylinder with Neumann convective boundary condition. The boundary condition includes the formulation of a heat-transfer coefficient and a reference temperature. The heat-transfer coefficients were determined by solving the inverse problem, with the measured temperature history data as input. The heat transfer around the cylinder was not symmetric, but it was assumed that the non-radial heat transfer is negligible, due to the small distance from the point of measurement to the surface. The governing equations for radial heat transfer in cylindrical coordinates are:
The boundary condition in the center of the cylinder (Eq. 2), stating that the radial temperature derivative is equal to zero is not generally valid, due to the asymmetric heat transfer around the cylinder, but this effect was investigated and found to be within the error of temperature measurements using thermocouples. The reference temperature, T BL is the air temperature located just outside the cylinder (outside the thermal boundary layer). It was not possible to measure the temperature close to the cylinder without disturbing the air flow. The temperature was instead measured near the jet exit, T jet , but because of the lower ambient temperature, the temperature close to the cylinder was lower than at the jet exit. The measured jet exit temperature was decreased with an off-set temperature: T BL = T jet − T off-set . The suitable off-set temperature and subsequently the temperature outside the thermal boundary layer were found by the optimisation routine. The estimation procedure of the inverse problem was formulated as a non-linear constrained optimisation problem:
where T meas,i, , were the measured and T calc,i, the calculated temperatures in the cylinder at time t i for i = 1,2, . . . n. The center of the hole was 2 mm from the surface on the top of the cylinder (14 mm from the cylinder centre, as the radius was 16 mm). The nearest distance from the cylinder surface to the thermocouple surface was 1.4 mm (14.6 mm from cylinder 
centre). Because of the high thermal conductivity in the thermocouple, this distance was used in the calculations instead of the distance to the centre of the hole. The heat equation was solved numerically by implicit Euler, [17] and the program was written in the software Matlab (The Math-Works Inc.). The implicit Euler method is unconditionally stable and the discretisation was chosen so small that the error was negligible compared to the exact solution. The optimisation problem was solved by the least square method, using the Optimization Toolbox in Matlab.
The method calculates the temperature history inside the cylinder for a given set of heat transfer coefficients. The optimiation routine finds the heat-transfer coefficient, whose calculated temperature history in the cylinder had the smallest error as compared to the measured temperature history. The square mean error, η and the maximum norm, ||T|| ∞ are calculat ed:
To be able to compare the heat-transfer coefficients with computational fluid dynamic simulations, the heat-transfer coefficient (h BL ) was recalculated to a heat-transfer coefficient (h) that uses the jet exit temperature as reference temperature.
Sensitivity Analysis
To investigate the determined heat transfer coefficients' sensitivity to error in most essential parameters, Monte Carlo simulations were performed. A Monte Carlo method is a method to solve a mathematical problem by using random numbers. [18] In this study, several parameters included in the formulation of the heat-transfer problem were randomly varied within a pre-defined confidence interval, to investigate the solutions sensitivity to error in those parameters.
The parameters that were considered in the Monte Carlo simulations performed, were: r mp , the measuring position of the thermocouple in the cylinder, the properties of the nylon cylinder; r, the density, c p , the specific heat, and k, the thermal conductivity, and T BL , and T mp , the temperature outside and inside the cylinder, respectively. The temperature curves were varied with an off-set temperature.
For one temperature measurement at each position around the cylinder (the one with the lowest square mean error), 100 Monte Carlo simulations were performed assuming a variation of maximum ± 5% of the material properties and in radial position of the thermocouple (Dr mp = 13.9 -15.3 mm). The temperature curves considered were varied with an off-set of maximum ± 1°C. An interval of heat-transfer coefficients for each position was estimated and the average, minimum, and maximum was determined.
Computational Fluid Dynamics
For comparison and assessment of validity, the computational fluid dynamics (CFD) program Fluent 6.0 was used to model the heat transfer from the impinging jet to the circular
cylinder. The geometry, the mesh and the boundary conditions of the simulation were the same as in previous work.
[ 16] The air flow and the heat transfer are described by the continuity equation (7), the Navier-Stokes equations (8) , and a temperature equation (9) . Together with the boundary conditions and a turbulence model, they form the governing equations for incompressible flow with neglected external and viscous forces in two dimensions:
The turbulence models used in the simulations were the k-ω SST model and the Reynolds Stress Model (RSM) in Fluent 6.0. [19] The SST model is a two-equation model, in which the isotropic Boussinesq assumption is applied, while for the RSM model, each of the Reynolds stresses is modelled through conservation equations. The boundary conditions (SST: k and ω, RSM: k and e) of the jet inlet were calculated from experimental velocity data using particle image velocimetry. [16] The model used enhanced wall treatment with a boundary layer mesh of y + <0.3. The surface heat flux around the cylinder was calculated in Fluent, and the heat transfer coefficient, h, for each position was determined using the jet exit air temperature as reference temperature.
RESULTS AND DISCUSSION
Inverse Heat-Transfer Determination
The method for determination of heat-transfer coefficients around the cylinder used temperature history data measured with the thermocouples in the cylinder, and the air jet exit. In Fig. 3 , the measured temperature history for q = 45° is compared to the calculated temperature history with the smallest norms. The square mean error was h = 0.35 and the maximum error norm was ||T|| ∞ = 1.42. The corresponding heat-transfer coefficient was,
). The calculated temperatures were in good agreement with the measured temperatures. The temperature in the jet exit fluctuated because of the heating system. These fluctuations are also shown in the temperature curves inside the cylinder (Fig. 3 ). The measured temperature had however more pronounced fluctuations than the calculated.
The result of the inverse determination of the heat-transfer coefficients around the cylinder is shown in Table 1 . Both the square mean and the maximum norm were largest on top of the cylinder and decreased to a minimum at q = 135°. The error was larger on top 
of the cylinder because of the higher heat transfer rate. The variation of heat transfer around the cylinder is shown in Fig. 4 , including the variation of three different measurements for each angle position. The heat transfer from the impinging jet varied around the cylinder because of variation in convective and thermal boundary layer thickness. The heat transfer was high on top of the cylinder, where the impingement of the jet gives a thin boundary layer. As the air progresses along the side of the cylinder, the heat transfer was decreased. The variation of heat transfer for each measuring point was quite small except for q = 45°, where the heat transfer rate changed rapidly close to the separation point on the cylinder. The cylinder was repositioned to the proper angle between the different temperature measurements. A small error in angle position can give a large variation in the heat-transfer coefficient, if the heat transfer varies greatly within a small distance. The heat transfer on the lower part of the cylinder, close to q = 180° was higher than expected. The heat conduction from the underlying plate was minimised by use of a paper carton with low conduction properties. The cylinder was placed on two small sticks to prevent unwanted movement and heat conduction, which may have allowed air to flow under the cylinder and increased the convective heat transfer. The assumption of a symmetric centre boundary condition may also play a role here. The effect of neglecting the difference in heat transfer around the cylinder is largest on the top and the bottom of the cylinder. It was found that the difference in temperature profile in the centre was low (less than a centigrade for the largest heat transfer difference) because of the low thermal conductivity in the cylinder, and the size of cylinder in relation to the short heating time.
Sensitivity Analysis
The determination of heat-transfer coefficients for food stuff is an ill-conditioned problem. A small error in the temperature measurements inside the cylinder can give a larger error in the heat-transfer coefficient. The formulation of the heat-transfer coefficient as a convective parameter encloses all information about the heat transfer from the surrounding air to the surface, with a temperature difference as a driving force.
The Fig. 5 . The estimated interval was larger for larger heat-transfer coefficients, on top of the cylinder about ±(45-60)%, as compared to about ±(20-30)% on the lower part of the cylinder. The average heat transfer from the Monte Carlo simulations was larger than the heat-transfer coefficients from the CFD simulations. The simulated heat-transfer coefficients were within the interval from the MC simulations on the top of the cylinder, but below on the lower part of the cylinder. The parameters that influenced the heat transfer the most, was the radial distance to the measuring point, r mp , and the air temperature outside the cylinder, T BL . In Fig. 6 , these parameters in the MC simulations for q = 45° are plotted as a function of determined heat transfer coefficient. The heat-transfer coefficient decreased with decrease of radial distance from the surface and increase of air temperature. The heat-transfer coefficient showed no particular dependency of the other parameters investigated. An advantage with the inverse heat-transfer method as compared to simulated methods is that it is based on actual measurements, and by using Monte Carlo simulations, the influence of error in important parameters can be estimated in the calculated heat-transfer coefficient. A large number of MC simulations give a good statistical basis for average, and an error interval for the heat-transfer coefficient.
Comparison with CFD
The heat-transfer coefficients around the cylinder determined with the inverse heattransfer method were compared to heat-transfer coefficients predicted by CFD simulations (Figs. 4 and 5) . Two turbulence models were used, the k-ω SST and the RSM models. Heat transfer rate determined using CFD is dependent on the flow simulation in the impinging jet and around the cylinder. CFD simulations of the air flow were compared to particle image velocimetry measurements in previous work. [16] The heat-transfer coefficients determined from the temperature measurements was larger than the CFD simulated heat transfer. Possible sources of error are the uncertainty in ambient temperature, and conduction error caused by the thermocouple, which was probably leaving the cylinder too close to the measurement point. The turbulence models may also have overpredicted the dissipation rate. The divergence between the measured and predicted heat transfer was larger on the lower part of the cylinder, after the separation point. The separation point was found to be at an angle of around q = 80° by PIV measurements and around q = 60° by CFD simulations. [16] The heat transfer predicted by CFD increased close to q = 180°, because there was a gap between the cylinder and the underlying plate in the computational domain, due to computational difficulties.
The augmentation of heat transfer close to the recirculation zone, the SST model predicted in, [7] is not shown in these simulations owing to that the jet is not impinging completely straight on the cylinder. The temperature measurements were made on the side of the cylinder with less air flow. Local variations of heat transfer around the cylinder could have been evened out due to neglection of non-radial heat transfer in the inverse heat transfer method. The conduction error caused by heat from the surroundings to the measuring point could also have evened out local variations.
The two turbulence models, the k-ω SST and the RSM models, predicted rather similar distribution of heat transfer around the cylinder. The RSM model predicted in general a slight lower heat transfer on the upper part of the cylinder and slightly higher on the lower part of the cylinder, as compared to the SST model. The RSM model is theoretical the better turbulence model for flow with high anisotropy, such as the case in the recirculation zone. Two-equation models are known to overpredict the dissipation in these areas. A high dissipation rate allows more entrainment of surrounding air. The temperature decreases due to lower surrounding temperature, which gives lower heat transfer around cylinder. The air flow close to the cylinder was slightly better predicted with the RSM model as compared to PIV measurements. [16] The stagnation point heat transfer in the measurements was about 190 W/(m 2°C ), which corresponds to a Nusselt number of 73, and in the simulations: h s = 163 W/(m 2°C ) (SST) and 146 W/(m 2°C ) (RSM), giving a Nu s of 63 and 56, respectively. A comparison between different expressions of Nusselt number in the stagnation point depending on Reynolds number, nozzle-to-cylinder distance and jet width-to-cylinder diameter ratio is presented in Table 2 . The SST simulations made in this study were analogous to the simulations of heat transfer in. [7] The same turbulence model was used in a similar CFD code, but the jet width was larger. The Nusselt numbers were in the same range, except by Lee et al. [20] The heat transfer depends as discussed on many parameters including turbulence level, and nozzle configurations. 
CONCLUSIONS
The heat-transfer coefficients determined with the inverse heat-transfer method was generally larger than predicted by computational fluid dynamics (CFD) simulations. The agreement between determined and simulated heat transfer was better on the upper part of the cylinder to about the angle of separation, the discrepancy was larger on the lower part. The k-ω SST model predicted in general a slightly higher heat transfer rate than the RSM model on the upper part and slightly lower heat transfer rate on the lower part of the cylinder. The decrease of heat transfer due to flow separation on the cylinder was in agreement for both turbulence models and inverse heat transfer method. In conclusion, the SST model predicted better heat transfer on top of the cylinder and the RSM model better close to the recirculation zone, as compared the heat-transfer coefficients from the inverse heat transfer method. The average heat-transfer coefficients from the Monte Carlo simulations were generally larger than the heat-transfer coefficients from the CFD simulations. The simulated heat-transfer coefficients were within the interval from the MC simulations on the top of the cylinder but below on the lower part of the cylinder. The parameters that influenced the heat transfer the most, was the radial distance to the measuring point, r mp , and the air temperature outside the cylinder, T BL . The inverse heat-transfer method predicted the heat transfer better when the flow was in contact with the cylinder. 
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